Profiles of scalar, downwelling, upwelling, and spectral irradiance were measured on 37 dates in [1982][1983]. Values of the attenuation coefficient K were 0.8-1.2 m-l, and the reflectance R was 0.03-0.06. By Kirk's method, the absorption and scattering coefficients a and b were found to be 0.44-0.83 and 1.8-5.0 m-l. Also measured were turbidity, chlorophyll, and absorption spectra of dissolved yellow substances and of particles. Independent estimates of a, as the sum of absorption components, were in reasonable agreement with values obtained by Kirk's method. For particles, the average value of the Chl-specific absorption coefficient k, was -0.008-0.010 m* mg-l Chl. Values of the Chl-specific scattering coefficient kb were usually -0.05-0.10 m* mg-l Chl; values were higher (-0.12) when gas-vacuolate cyanobacteria were present.
Optical properties most commonly measured in lakes and seas are Secchi transparency, turbidity, and the vertical attenuation coefficient K. Properties measured less frequently include horizontal beam transmission, upwelling and scalar n-radiances, spectral irradiance, and reflectance R (the ratio of up-to downwelling irradiance). All of these, except turbidity and horizontal beam transmission, are "apparent optical properties," so called because they are functions of the radiance distribution as well as of three "inherent properties."
Inherent properties (defined for collimated light and thus independent of radiance distribution) include the volume absorption and scattering coefficients a and b and the angular scattering function. It is commonly supposed that the scattering function of Petzold (1972) applies to most natural waters. In contrast, values of the absorption and scattering coefficients vary greatly among natural waters, due to differences in kinds and concentrations of dissolved and particulate substances. Differences in a and b underlie the wide variations in apparent properties of natural waters.
Significant contributions to the absorption coefficient may be made by water (a,,,) , dissolved yellow substances (a,), inorganic particles (ai) if colored, detritus (ad) which
The work described here was a part of an investigation of Irondequoit Bay following sewage diversion. Support by Monroe County Pure Waters is acknowledged. may contain pheo-or yellow pigments, and phytoplankton (a,). Significant contributions to the scattering coefficient may be made by water and each of the three particle types. If the phytoplankton contributions are expressed in terms of chlorophyll-specific coefficients k, and kb, one can write a = a, + a,, + ai + ad + k,Chl and b = b, + bi + bd + kbCh1.
(1) The absorption and scattering contributions are all more or less dependent on wavelength. If the spectral irradiance E(X) is known at some depth, then mean spectral values of a,, bx, k,, and k6 can be calculated; for example a, = J E(X)a,(X) dx / J E(X) dX. (2) Understanding the differences in apparent optical properties in natural waters has two aspects. First, the dissolved and particulate components must be identified and their contributions to absorption and scattering evaluated. Progress has been made.
The absorption of water a,(X) is known (Smith and Baker 198 l) , and the contribution a,,(X) of dissolved yellow substances is measurable in filtrates (Kirk 1980) . For cultured algae, several methods have been used to determine k,(X) and k,(X) (Bannister 1979; Kiefer et al. 1979; Bricaud et al. 1983; Davies-Colley 1983) . Attempts have been made to differentiate the absorption and scattering contributions of different particulate components in natural waters, either by mathematical component analyses (Smith and Baker 1978; Baker and Smith 1982; Bukata et al. 198 1; Prieur and Sathyendranath 198 1) or by measurements of physically separated components (Kishino et al. 1984; Weidemann et al. 1985) .
Second, one must show that experimentally determined values of apparent optical properties and of a and b are consistent with optical theory. Because the calculation of the depth-dependent radiance distribution as a function of a, b, angular scattering function, and solar zenith angle is intrinsically difficult, the general theory is complex (Duntley 1963; Preisendorfer 1976; Jerlov 1976) . Nevertheless, relationships between K and R and inherent properties have been developed. Gordon et al. ( 197 5) used Monte Carlo simulation to obtain functions relating K, R, and c (=a + b) applicable to ocean waters of low turbidity. DiToro (1978) examined the relationships between K and R and b and b/c. Bukata et al. (1980, 198 1) combined functions of Gordon et al. and DiToro and then calculated values of a and b in Lake Ontario from measured values of K, R, and c. Preisendorfer and Mobley (1984) showed that a, u (the cosine of the radiance distribution), and b, (the backscatter coefficient) can be estimated from measured profiles of upwelling and downwelling, cosine and scalar n-radiances. Kirk (198 1 a, b) , by limiting consideration to the depth zo.l of 10% transmission, established theoretical functions relating both u and the ratio b : a to the reflectance ratio Roe f. These functions seem to open the way to simple, but theoretically sound, predictions of K, R, and other apparent properties, whenever a and b are known. Conversely, the functions have been used by Kirk (198 la, b) and Vant and Davies-Colley (1984) to estimate a and b from measurements of K and R in Australian and New Zealand lakes (see also Howard-Williams and Vincent 1984) .
Our main purpose here was to characterize as completely as possible the optical properties, both apparent and inherent, of Irondequoit Bay. A second purpose was to try to verify Kirk' 
Kirk's functions
By a Monte Carlo method, Kirk calculated upwelling and downwelling, cosine and scalar ii-radiances as functions of solar zenith angle and of the volume absorption and scattering coefficients a and b. The last were assumed to be independent of depth; thus, implicitly, light was monochromatic and the medium homogeneous. The angular scattering function of Petzold (1972) was also assumed. From the n-radiances, the mean cosine u of the radiance distribution and the reflectance ratio R were calculated. Results were presented as graphs of two functions u(R) and (b/a)(R), for zenith angles of O", 45", and 60", at depths of 10 and 1% transmission.
Kirk Thus, to fair approximation, the functions for 45" can be used for all zenith angles from 0" to 60". 
Methods
Irondequoit Bay (length, -7 km; width, * 1 km; max depth, 23.8 m) is a eutrophic, moderately hard-water lake discharging into Lake Ontario through a narrow, shallow outlet. It is stably stratified from May to September; epilimnion depth is about 6 m, and meta-and hypolimnion become anaerobic in late June. Properties of the bay before sewage diversion in 1978 are described by Bannister and Bubeck (1978 Semilog plots of Ed, E,, and E, showed some curvature (ascribable to spectral narrowing, change in the radiance distribution, or inhomogeneity), but became nearly parallel at depth as the light became increasingly monochromatic and the asymptotic limit was approached. In a few cases, curvature was pronounced near the surface, probably due to inhomogeneity. Down to 1% transmission, all profiles could be described quite well by fitting (visually) two, or rarely three, line segments. Usually, the difference in slopes of segments was small. Of 39 experiments, the differences in slopes of segments, for the depth intervals 0.2-2 and 3-5 m, were < 10% in 23, < 20% in 12, and X30% in 4.
The line fitted for the depth range 0.2-2 m was extrapolated to obtain E, at the surface. zo.l was read after moving down the line segments to the 10% irradiance level.
K,., was the slope of a line drawn through the three or four points at depths closest to z,. 1. In a few cases in which fitted line segments differed substantially in slope and intersected close to the depth z~.~, the uncertainty in K,., may have reached 20%; generally, it was < 10%.
Depth profiles of R and of u' (the mean cosine of the radiance distribution as calculated by Eq. 8) were also plotted. R increased and u' decreased curvilinearly, both reaching or closely approaching asymptotes at z,. 1. Individual points deviated only a few percent from smooth curves drawn through the data. Values of R and u were read from the profiles at z~.~.
Spectral irradiance -For all dates in 19 8 3 and some in 1982, downwelling spectral quantum irradiance was measured at 0.5-m intervals with an underwater spectroradiometer (Techtum QSM 2500) which was also lowered over a sheave 3.3 m outboard.
The irradiance spectrum Eo. JX) at zo. 1 was calculated (at 10-nm intervals) from the spectra, measured next above and below z~.~.
For each date, the spectral irradiance Eo. 1 (X) was used to calculate mean spectral absorption coefficients of components by Eq. 2. For dates in 1982, when spectral irradiance was not measured, an average spectral irradiance for other dates was applied.
Other data -Secchi transparency was measured. Water samples were collected from depths of 0.5, 1, 2, 2.5, 3, 5, 7, and 10 m. For pigment analysis, particles on GFK filters (1.2 pm) were ground in 30% aqueous pyridine, the extracts centrifuged, and absorption spectra measured before and after addition of oxalic acid. "Uncorrected Chl concentration" Cu was calculated from the absorbance at 670 nm before oxalate addition, presuming only chlorophyll a to be present. "Corrected Chl" Cc and pheopigment P concentrations were calculated from absorbances before and after oxalate addition, presuming only chlorophyll a and pheophytin a to be present. According to our analyses, the decadic molar extinction coefficients at 670 nm in 30% aqueous pyridine are 7.46 and 4.68 x lo4 liters mol-' cm-' for Chl a and pheophytin a. (For further details see Bannister and Weidemann 1984.) Turbidity was measured with a fluorometer (Turner Designs model 10) equipped with a nephelometric adapter (slightly modified for use with 25-x 200-mm test tubes). Illumination was with unfiltered light from the "cool-white" lamp. A No. 16 yellow filter was used in the reference path. Calibration was with formazine standards (see Clarity, Nephelometry, and Turbidity: Turner Designs) and was checked with EPA Water Supply Control Samples.
Absorption of dissolved yellow substances-water collected at the depth closest to zo.l was filtered through 0.22-pm Millipore filters (47 mm, type GS). Absorbance spectra (390-820 nm) of the filtrates, in locm cuvettes against distilled water, were recorded with a sensitivity of 0.2 absorbance (base 10) per 25 cm. Mean spectral values a,, were calculated by Eq. 2 with the spectral irradiance Eo. 1 (X).
Eq. 2, knowing the irradiance spectrum Eo. I(0 Absorption by particles-Particles were concentrated in two ways. Particles from a known volume of lake water were collected by filtration (0.22-pm Millipore) and resuspended in a measured volume (l/200 to l/1,000 the original) (Kirk 1976) . Alternatively, successive 15-ml samples of lake water were centrifuged (10 min at -2,000 x g) and accumulated particles resuspended in 1 .O ml of lake water. In both cases, spectral absorbance was recorded with a Cary 14 spectrophotometer fitted with a "transmitted light accessory" or with a ShimadzuBausch and Lomb 200 UV spectrophotometer using opal glass cuvettes with 3.4-mm pathlength (Bannister 1979; Bannister and Weidemann 1984) . Particle absorbance was the recorded absorbance less the apparent absorbance at 750 nm, the latter presumably due to backscattering. Since scattering increases as wavelength falls, the absorbance at short wavelengths is probably somewhat overestimated.
The contribution aj of particles to the absorption of lake water at z~.~ was estimated by aj = kjCu (6) where C, was the directly assayed concentration of chlorophyll in lake water.
Systematic errors in R,,, Ko,I, and a and b
Six potential sources of inaccuracy were considered. Since corrections were applied, inaccuracy in R and u', originating in errors of calibration between detectors, should have been ~2%. No error was made in K since a single sensor was used. Error in z~.~, associated with finding the surface irradiance by linear extrapolation, we think to be no more than f 5%. Little or no error propagates to Ro., and K,., since R and K approach asymptotic limits at z,. 1. Always in 198 3, and on some dates in 1982, suspensions were filtered after spectra were measured and the filters analyzed for pigments. Results were expressed as the pigment concentrations (uncorrected Chl cu, corrected Chl cc, and pheopigment p) which would have occurred after redilution of concentrates to the original volumes of lake water. Chlorophyll contents of concentrates were smaller than those of the lake water from which they were prepared; we attribute the loss to inability to resuspend all colored matter from filters, to incomplete sedimentation under the mild centrifugal conditions used, or to the presence of buoyant algae.
Kirk prescribed finding zo.l of downwelling irradiance and evaluation of the attenuation coefficient KEo.I of the net downwelling irradiance. In fact, we determined zo.l and K,., for scalar irradiance. According to Kirk (1983) zo.l would be overestimatedthe more seriously as the depth of the discontinuity descends toward zo., . The case corresponds approximately to a decrease in concentration of scattering particles (e.g. algae).
Results
Irradiance spectra - Figure 2 shows the depth dependence of spectral irradiance on dates in 1983 when chlorophyll concentration was high (12 July) and low (3 1 October). At depth, peak irradiance always occurred at 575-580 nm. The spectrum is skewed toward the red so that average wavelength is about 600 nm. The spectra exhibit plateaus at 6 1 O-640 nm and, often, minima at -675 nm, corresponding to the absorption maximum of chlorophyll. For all dates, irradiance spectra calculated for the depth of 10% transmission were very similar, despite variations in Chl and turbidity (see Mean spectral values of a, and a,,, for the spectral irradiance at the depth of 10% transmission, are listed in Table 2 . For water, the mean value of a,was 0.23 m-l; the slight variation is due to small differences in measured irradiance spectra. For dissolved yellow substances, mean spectral values of a,, ranged from a low of 0.09 in early spring to a maximum of 0.18 m-* in early June 1983. For all but five dates, however, the range was narrower, from 0.11 to 0.15 m-l, and the average was 0.13 m-l in both years. Thus, to a close approximation, the sum a,,, + a,, was 0.36 m-l.
Absorption contribution of particles--xamples of absorbance spectra are shown in Fig. 4 . The spectra show variations in the wavelength of maximum absorbance in the blue and in the absorbance ratios A(440) : A(675) and A(580) : A(675). Properties of particle concentrates are listed in Table 1 . Pairwise comparison of the filter and centrifuge concentrates for each water sample shows the following. About the same amount of Chl was recovered in both kinds of concentrates; thus filtering and centrifuging were equally efficient in collecting algae. The absorbance ratio A(440) : A(675) was almost always higher in the filter than in the centrifuge concentrate. Evidently, besides algae, other particles with strong absorption in the blue (presumably detritus) were present in the water and were collected more effectively by filtering than by centrifuging.
Presumably, because of small size or low density, detritus was less efficiently collected by centrifugation. Since filters retained some embedded yellow matter after resuspension of particles, the proportion of detritus to algae was still higher in lake water than in the filter concentrates.
The absorbance ratio A(580) : A(675) was about the same in filter and centrifuge concentrates. Therefore, differences in detrital content, manifested by the A(440) : A(675) ratio, did not affect absorption at 580 nm. Since the absorptions at 580 and 675 nm were not differentially separable, the 580 absorption may be entirely algal in origin.
In this case the absorption coefficients k&) of algae and k,(h) of total particles are the same at 580 and 675 nm and presumably the same for the entire spectral irradiance at 10% depth.
Both absorbance ratios A(440) : A(675) and A( 580) : A(675) showed seasonality: values were high in fall and sometimes in May (times when diatoms were abundant), and low in July-August (when green algae predominated).
tributed to experimental error (5-l 0%) in Chl analysis plus some additional error associated with measurement and quantitative transfer of the small volumes (1 .O ml) of concentrates. The small difference in means, albeit significant by the t-test (P = O.Ol), we are inclined to discount. It is difficult to understand why kj(675) should be different for centrifuge and filter concentrates, since both apparently contained the same amounts of Chl (and therefore of algae) and since significant detrital absorption did not extend to 580 nm. There was no correlation between kj(675) and A (580) : A(675). We conclude that real variation in kj (675)has not been demonstrated, and that the mean (0.0153 m2 mg-' Chl) for both centrifuge and filter concentrates is the best estimate of kj (675) for all dates and concentrates.
From the absorbance spectrum of a concentrate and the Chl concentration CU therein, we calculated the chlorophyll-specific absorption coefficient k,(X) (see methods). The mean spectral coefficient kj was calculated by Eq. 2. Values of k,(675) and kj are listed in Table 1 . Finally, the contribution aj of particles to absorption in the lake was calculated by Eq. 6; values are listed in Table 2.
In evaluating kj(675), we ignored the 1982 data for two reasons. First, values were much larger in the early period (6 May-l 2 August 1982) than later in 1982 and 1983. This discrepancy we believe was due to flawed performance of Chl assays in the early period, resulting in underestimation by about 1.5-fold. [Since the same relative error was made in analysis of concentrates and lake water, values of the ratios kj : kj(675) and aj (both discussed below) should be correct,] Second, in 1982 after 6 August, the Chl of concentrates was analyzed on only four dates.
The value of 0.015 for kj (675) is somewhat lower than expected. Previously determined values have generally equalled or exceeded 0.02 m2 mg-l Chl (Kiefer et al. 1979; Bricaud et al. 1983; Morel and Bricaud 198 1; Bannister 1979 ; see also . However, lower values can result from intracellular shading (Duysens 1956; Kirk 1976; Morel and Bricaud 198 1) .
The mean spectral value kj can be regarded as a function of two factors: the value of kj (675) By the criteria that turbidity decreased more than 0.5 NTU or that Chl decreased more than 20% from the surface to the depth of 10% transmission, inhomogeneity occurred only on five dates (9 June, 13 July, 24 August, and 17 September 1982, and 22 July 1983). Thus, for the most part, variations in properties seem not due to inhomogeneity, but rather either to experimental errors, or else to real variations in a and b, in turn due to differing concentrations of algae or other particles, or to changes in their scattering and absorbing properties. Undoubtedly, experimental error contributed significantly to the variation. However, as will be seen, some variation is correlated with chlorophyll concentration and, in the case of b, with algal species.
Two tests of consistency could be carried out. Concerning the cosine of the radiance distribution, we obtained one estimate from Kirks function u( & 1 ) . Since scalar as well as down-and upwelling irradiances were measured, a second, independent, estimate u' could be calculated from u' = (Ed -E,)/Eo (8) (Jerlov 1976) . The ratio u' : u should equal unity. In 1982 (after 13 July, when the new support rod was put into service), the mean ratio was 0.97 (SD 0.06). For 1983, the mean was 0.94 (SD 0.02). The difference in means for the 2 years is small. Since both means are close to 1, Kirk's function and Eq. 8 are approximately equivalent. There is an indication of seasonality, higher values occurring near the summer solstice than in fall. In estimating u from R,. 1, we used Kirk's function for a solar angle of 45"; actual angles ranged from 2 1" at the solstice to ~45" in October. If solar angles had been calculated, and if interpolation were made between Kirk's functions for O", 45", and 60", some of the apparent seasonality would disappear. Table 2 averaged 0.84 in 1982 and 0.99 in 1983; in both years, the standard deviation was about 0.11. There is a suggestion of seasonality (at least in 1983), which, again, could be attributed to failure to take account of solar angle. For both years, mean values of t/b lie in the range reported by Kirk (198 1 b) and DiToro (1978) . However, the difference in means indicates an unidentified, systematic difference in the method of measurement.
We believe the systematic difference to have occurred in the measurement of turbidity. Evidence of this is as follows. We Since means for bd were the same for both years, while means of dt and t/b were both lower in 1982 than in 1983, it appears that the systematic difference was in turbidity. We assume that turbidity was underesti- centrates, and about 5% higher yet if based on the mean value of kj(675) for filter concentrates. The larger standard deviation in 1982 may be due to the fact that chlorophyll of concentrates was analyzed on only four dates; on other dates, it was assumed that 85% of the chlorophyll was recovered in the centrifugally concentrated suspensions. Chlorophyll-specific scattering coeficient of particles -The scattering coefficient for pure water is < 1O-2 m-l (Jerlov 1976) . Filtrates of bay water (0.2-pm Millipore), which would still contain some small particles, had turbidities of 0.1-0.2 NTU. Evidently, particles retained by filters accounted for > 90% of the scattering. Assuming that nonalgal scattering was constant (or at least not correlated with chlorophyll), the chlorophyllspecific scattering coefficient kb of algae can be estimated as the slope of b vs. Chl. Figure 7 shows b plotted against Chl. If we assume that scattering by nonalgal particles was 0.50 m-l, the points fall between lines with slopes of 0.06 and 0.12 m2 mg-' Chl. The dispersion of points is no doubt due in part to experimental error. Some of the dispersion could be due to fluctuations in nonalgal scattering (e.g. in Otisco Lake, the high value of b in relation to chlorophyll was caused by a CaCO, "whiting": Weidemann et al. 1985) .
However, some of the dispersion seems to depend on algal species: specifically, high values of b seem to be correlated with the abundance -of gas-vacuolate cyanobacteria. Five dates (solid symbols in On many additional dates, water samples were collected at a depth of 0.5 m, and turbidity, chlorophyll, and phytoplankton analyses performed. Turbidity is plotted against Chl in Fig. 8 DiToro (1978) , and Vant and Davies-Colley (1984) .
The study establishes the optical properties of the bay for the first time. The bay is among natural waters in which dissolved yellow substances account for most of the absorption of shortwaves and cause the spectral irradiance at depth to peak in the yellow(-580nm).
In 1982-1983, baywater was moderately scattering (R,., = 0.03406, b = 2.0-5.0 m-l). At the depth of 10% transmission, the cosine u of the radiance distribution was ~0.6, with the result that the vertical attenuation coefficient K exceeded a about 1.6 times. The fractional absorption by particles, equal to ajl(a, + a,, + aj), ranged from -0.28 to 0.50 as Chl varied from 15 to 35 mg m-3. In the spectral irradiance at the depth of 10% transmission, most particle absorption was apparently that of phytoplankton, since the ratio A(580) : A(675) was the same for centrifuge and filter concentrates. The mean value Ofkj(675) was 0.015 m2 mg-' Chl, somewhat lower than expected. The mean spectral value of kj was about 0.008 m2 mg-' Chl in June-August, but somewhat higher in late September and October.
The chlorophyll-specific scattering coefficient kb averaged about 0.08, but appears to have been higher (0.12 m2 mg-l Chl) during blooms of gas-vacuolate cyanobacteria. Only a few determinations of kb have been reported. Bricaud et al. (1983) reported values ranging from 0.09 to 0.60 m2 mg-l Chl mg Chl (mm3) Fig. 9 . Vertical attenuation coefficient K,., vs. chlorophyll concentration. Data of 1982 (0, D and 1983 (0, a) . Dates when gas-vacuolate blue-green algae comprised ~25% of total algal volume shown by solid symbols.
for four marine phytoplankters (the highest value being for a coccolithophorid). Kiefer et al. (1979) reported values of the chlorophyll-specific backscattering coefficient of Thalassiosira pseudonana and Monochrysis Zutheri growing in nitrogen-limited cultures ranging from about 0.0003 m2 mg-' Chl in rapidly growing cultures to 10 times that in very slow-growing cultures. According to Petzold's volume scattering function (see Kirk 1984) , the ratio of back-to total scattering coefficients is about 0.02; therefore, the data of Kiefer et al. imply values of k6 in the range 0.015-o. 15 m2 mg-l Chl.
It is known, qualitatively, that gas-vacuolate cyanobacteria scatter light strongly. Indeed, the decrease in relative turbidity has been used to monitor gas vacuole collapse under pressure Walsby and Klemer 1974; Konopka et al. 1978) . However, absolute turbidity (NTU, N b m-l) has not been reported. In a review Fogg et al, (1973, p. 109) Experimental data have been plotted by their Chl and turbidity coordinates. If the points were located by a and b (or R and K) coordinates, the clusters would center on the same operating space; however, because of somewhat greater experimental error, the clusters would extend somewhat beyond the boundaries shown in Fig. 1 .
The ratio kb : k, of algae is much larger than the ratio b : a at the optical origin; as a result b : a, R, and l/u all increase with algal concentration. One consequence is that, whereas K = a/u (Gershun's equation), dK/ dCh1 is larger than k,lu, because both a and l/u increase with Chl. (If Eq. 5 is differentiated with respect to Chl, one finds that dK/ dCh1 is a function of both kb and k,.)
As a result of a detergent phosphorus ban in 1972 and sewage diversion in 1978-l 980, Chl concentrations in the bay have decreased by a factor of three or more, and blooms of gas-vacuolate cyanobacteria have been attenuated especially. We shall show elsewhere that the optical "operating space" has shifted dramatically since 19 70-19 7 1.
Estimates of maximum quantum yield Qm -Production and irradiance measurements carried out in 19 80-19 8 1 yielded values of Qlnka ranging from 0.0002 to 0.0004 (Bannister and Weidemann 1984) . After correction for algal respiration, isotope discrimination, and reflection from the bottles, the values would be about 20% higher. In those years, dK/dChl was about 0.03 m2 mg-l Chl, which, if taken as an estimate of ka, yields very low values of Q, (CO.02 mol C Einst-' absorbed). If we accept an estimate of 0.0080 m2 mg-' Chl for k,, values of the maximum quantum yield would be 0.03-0.06 mol C Einst-l absorbed. The smaller yields are lower than, the larger yields about the same as, other determinations (Bannister 19 7 9; Welschmeyer and Lorenzen 198 1; Fahnenstiel et al. 1984) .
